Summary One-year-old seedlings of Abies balsamea (L.) Mill, Picea glauca (Moench) Voss, Pinus contorta Loudon, Betula papyrifera Marsh., Populus tremuloides Michx. and Populus balsamifera L. were transplanted in the spring, in pots, to the understory of a mixed P. tremuloides-P. balsamifera stand or to an adjacent open site. Growth and leaf characteristics were measured and photosynthetic light response curves determined in mid-August. Overall, the coniferous seedlings showed less photosynthetic plasticity in response to growth conditions than the deciduous species. Abies balsamea, P. glauca and B. papyrifera responded to the understory environment with higher leaf area ratios, and lower photosynthetic light saturation points and area-based leaf respiration relative to values for open-grown seedlings, while they matched or exceeded the height growth of open-grown seedlings. In contrast, seedlings of Pinus contorta, P. tremuloides and P. balsamifera displayed characteristics that were not conducive to survival in the understory. These characteristics included a high light saturation point and leaf dark respiration rate in P. contorta, and lower leaf area variables combined with higher carbon allocation to roots in P. tremuloides and P. balsamifera. By the second growing season, all seedlings of P. tremuloides and P. balsamifera growing in the understory had died.
Introduction
The concept of shade tolerance of forest trees, i.e., the ability of a species to establish and grow in the understory, is fundamental to current ideas about forest succession and stand dynamics. However, the long-held classification of species according to their shade tolerance is mostly qualitative and based on whether they occur in early or late successional stages of a forest stand (Burns and Honkala 1990, Stathers et al. 1990 ). Species establishing and dominating early after major disturbances such as fire or logging are generally taken to be shade intolerant. In time, these early establishing and usually shorter-lived species are replaced by taller, longer-lived species with slow juvenile growth rates, which are considered to be shade tolerant. Thus, time and success of establishment, juvenile growth characteristics, and life span are confounded with the ability of the species to grow in low-light environments. Few field studies have examined the comparative physiology of species categorized as shade tolerant or intolerant on the basis of their successional status. Moreover, comparative studies conducted under growth chamber, greenhouse, or shadehouse conditions (e.g., Kitajima 1994 , Reich et al. 1998a , 1998b have not examined the complete range of variables that distinguish understory and open environments such as irradiance, light spectral composition, vapor pressure deficit, air and soil temperatures. Grime (1966) suggested that shade tolerance depends largely on the capacity for germination and seedling establishment in an understory environment; shade-intolerant species being those most susceptible to fungal attack during the establishment stage. There is evidence, however, that, if once established, shade-intolerant species can survive and grow in the understory, producing multi-layered, and multi-aged stands: e.g., Populus tremuloides Campbell 1983, Jones and DeByle 1985) , Betula papyrifera (Bergeron and Dubuc 1989 , Perala and Alm 1989 , Paré and Bergeron 1995 , and Pinus contorta and Pinus banksiana Lamb (Tande 1979 , Arno et al. 1993 , Muir 1993 , Volney 1998 .
The question thus remains whether species classified as shade intolerant are truly less adapted to the understory environment than shade-tolerant species Reich 1996, Lambers et al. 1998) . We hypothesized that shade-intolerant species exhibit photosynthetic or morphological characteristics in an understory environment that are less conducive to growth and survival than those of shade-tolerant species. Conversely, we hypothesized that species classified as shade tolerant will exhibit photosynthetic or morphological characteristics, or both, in an open environment that are less conducive to growth and survival than those of shade-intolerant species.
To test these hypotheses, seedlings of four shade-intolerant tree species (Betula papyrifera Marsh., Populus tremuloides Michx., Populus balsamifera L. and Pinus contorta Loudon) and two shade-tolerant species (Abies balsamea (L.) Mill and Picea glauca (Moench) Voss) of the boreal forest of western Canada were grown in a natural understory environment and at an adjacent open site. Photosynthetic light responses, growth and leaf characteristics were assessed and compared among species.
Methods

Plant material, growth conditions, and experimental design
Seedlings were grown in 4-10 (4 cm diameter; 10 cm deep) vented styroblocks (Beaver Plastic, Edmonton, Alberta) from seeds collected in northern Alberta, Canada. In late May 1998, when the risk of frost was minimal, 20 cold-hardened seedlings of each species were planted in 20-cm-diameter unglazed clay pots filled with a 1:2 (v/v) mixture of sand and peat. Slow-release fertilizer (14:14:14, N:P:K) was added to each pot. Ten plots were randomly located in the understory of a P. tremuloides-P. balsamifera stand and 10 plots in a nearby open field at the University of Alberta Experimental Farm station at Ellerslie, Edmonton, Alberta (53°20′ N, 113°30′ W). In each plot, one pot of each of the six species was buried in the mineral soil, which was tightly packed around the pots to ensure good soil contact. Seedlings were watered as necessary. Photosynthetically active radiation was measured in each plot on an overcast day in mid-July, when above-canopy solar irradiance was 237 µmol m -2 s -1 . Light transmission through the P. tremuloides-P. balsamifera canopy was 21.5 ± 5.5% (mean ± SD), which is typical for a mature deciduous boreal forest canopy (Constabel and Lieffers 1996) . In mid-August 1998, five seedlings per light regime and species were removed, in their pots, to a field laboratory, where gas exchange measurements were made on attached, fully developed mid-crown leaves of the deciduous species and fully elongated current-season needles on the terminal shoot of the coniferous species.
Measurements and data analysis
Before determination of the photosynthetic response to light, seedlings were exposed to high irradiance for 1 h. Carbon exchange rates were then measured successively at photosynthetic photon flux densities (PPFD) of 1500, 1000, 600, 200, 100, 60, 20 and 0 µmol m -2 s -1 . Measurements were conducted over 5 days (each species in each growth environment was measured on each day, n = 5) using an infrared gas analyzer (CIRAS-1, PP systems Inc., Haverhill, MA) with an automatic broadleaf or conifer cuvette (PLC(B) and PLC(C), PP Systems Inc.). Leaf temperature was maintained at 20°C and humidity at 40% RH. Leaves were allowed to acclimate for 10 min after each change in irradiance (Azcón-Bieto and Osmond 1983) . Light response data were fit with a Mitscherlich function as described by Potvin et al. (1990) . Assimilation was expressed both on a projected-leaf-area and a leaf-mass basis. From the light response curves, light compensation point (Γ), apparent quantum yield (φ) (the slope of the function at a PPFD of zero), light-saturated photosynthesis (A sat ), light saturation point (K) and dark respiration rate (R d ) were derived. Light saturation points were determined at 95% of maximum net assimilation. Curves were fit to the complete data set (n = 5) for each species and light treatment (see Figures 3 and 4) and also to each individual seedling to derive estimates of the light response variables (see Figure 5 ). Because of the Kok effect, apparent quantum yield calculated from R d will be slightly overestimated (Kok 1948 , Sharp et al. 1984 .
Height growth and total leaf area of each seedling were measured. Projected leaf area of the deciduous species was determined with a leaf area meter (LI-3100, Li-Cor, Inc., Lincoln, NE) and conifer needle areas were determined with a scanner and imaging software (Sigma Scan 3.0, Jandel Scientific, San Rafael, CA). The dry mass of leaves, shoots, roots, and new roots were determined after drying at 65°C for 48 h. New root production was estimated from the dry weight of roots emerging from the root plug. Specific leaf area (SLA, cm plant), and root:shoot dry mass ratio (RSR) were calculated. In August 1999 (second growing season), height increments and specific leaf area were measured for all species to determine whether there were differences in growth and leaf morphology between the first and second growing seasons.
After log transformation of total and specific leaf area, dry mass of new roots, LAR, and LMR, all response variables met the assumption of normal distribution and homogeneity of variances. Analysis of variance procedures and least significant difference multiple comparisons were performed with general linear models available in the SAS statistical software suite, Version 6.11 (SAS Institute, Cary, NC).
Results
Growth variables
Height growth of B. papyrifera, P. tremuloides, and P. glauca differed significantly between growth environments (P < 0.05). Height increments of understory-grown seedlings of P. glauca and B. papyrifera were 3 and 1.4 times greater, respectively, than those of open-grown seedlings (P < 0.05); whereas the height increment of understory-grown P. tremuloides seedlings was only a quarter that of open-grown seedlings (P < 0.05) (Figure 1 ). Height growth of Abies balsamea, P. contorta, and P. balsamifera seedlings were unaffected by growth conditions. Understory-grown seedlings of P. tremuloides and P. balsamifera did not survive into the second growing season. However, in the other species, treatment differences in height growth were similar in the first and second growing seasons (data not shown).
Pinus contorta, B. papyrifera, P. tremuloides, and P. balsamifera seedlings had lower shoot masses when grown in the understory than in the open (P < 0.05), and the reduction in response to shade was greatest (87%) for P. balsamifera seedlings (Figure 1 ). In contrast, shoot mass of A. balsamea and P. glauca seedlings did not differ with growth environment. In all species, total root mass was lower in understory-grown seedlings than in open-grown seedlings (P = 0.0001). Dry mass of new roots of shade-grown seedlings of A. balsamea, P. glauca, P. contorta, and B. papyrifera was 15 to 20% that of opengrown seedlings, and the corresponding values for P. tremuloides and P. balsamifera seedlings were 8 and 2%, respectively (Figure 1) .
Root:shoot ratios (RSR) were greater in understory-grown A. balsamea and P. contorta than in open-grown plants, but the reverse was true for P. tremuloides (P < 0.05). Root:shoot ratios of A. balsamea and P. contorta were 0.51 and 0.28, respectively, in the understory versus 0.77 and 0.49, respectively, in the open. Understory-grown P. tremuloides seedlings had an RSR of 0.58, versus 0.37 for open-grown seedlings.
Total leaf area per plant in open-grown P. contorta was 116 cm 2 , but only 40 cm 2 in understory-grown seedlings. The corresponding values for P. tremuloides were 428 and 58 cm 2 and, for P. balsamifera, 676 and 88 cm 2 . Growth conditions had no effect on total leaf area of seedlings of the other species (Figure 2) . In all species, specific leaf area (SLA) was higher in understory-grown seedlings than in open-grown seedlings (P < 0.05); although the treatment difference in SLA was not significant for P. tremuloides (Figure 2 ). In the second growing season, differences in SLA between seedlings grown in the understory and in the open persisted in four species (data not shown); however, P. tremuloides and P. balsamifera did not survive the second season in the understory.
Only A. balsamea and B. papyrifera had higher LAR values in the understory than in the open (P < 0.05). In A. balsamea, leaf area was greater in understory-grown seedlings than in open-grown seedlings, whereas total plant biomass was the same. In contrast, in B. papyrifera, total plant mass was lower in understory-grown seedlings than in open-grown seedlings (3.4 versus 8.2 g), whereas leaf area differed only slightly between the treatments (Figure 2) .
Leaf mass ratios were lower in understory-grown seedlings of P. balsamifera and P. 0.25 (P < 0.05). The low LMR values in understory-grown seedlings were the result of a larger reduction in leaf dry mass compared with whole-plant dry mass. Figure 5) .
Light response variables
In all three deciduous species and in P. contorta, leaf-areabased Asat and R d were lower in understory-grown seedlings than in open-grown seedlings (P < 0.05) (Figures 3 and 4) . In the understory, Rd of P. contorta was higher than that of the other species (P < 0.05). In the open, P. contorta had similar R d to the deciduous species ( Figure 5 ). Leaf-area-based apparent quantum yield (φ) was lower in understory-grown seedlings than in open-grown seedlings of P. tremuloides (0.05 versus 0.07 mol m -2 mol -1 m 2 ); however, in the other species, growth conditions had no effect on φ (P > 0.05) (Figures 3 and 4) .
Differences in leaf-mass-based Asat and R d between species and treatments were not observed (Figure 4 ), except in P. tremuloides, where A sat was lower in understory-grown seedlings than in open-grown seedlings (0.14 versus 0.31 µmol g -1 s -1 ; P < 0.05) (Figures 4 and 5) . Light-saturated photosynthesis was higher in the deciduous species than in the coniferous species; however, A sat was higher in P. contorta than in P. glauca and A. balsamea (P < 0.05). In all species, leaf-mass-based R d did not differ between treatments; however, R d was about three times higher in the deciduous species than in the conifers (P < 0.05) ( Figure 5 ). Overall, apparent quantum yield (φ) was higher in understory-grown seedlings than in open-grown seedlings. In understory-grown seedlings, leaf-mass-based φ was 0.0005, 0.002, and 0.0018 mol mol spectively, whereas the corresponding values for open-grown seedlings were 0.001, 0.0009 and 0.0002 mol mol -1 (photons) (P < 0.05) (Figures 3 and 4) . Apparent quantum yield was not affected by growth conditions in the other species. Generally, φ was significantly higher in the deciduous species than in the conifers (P < 0.05) ( Figure 5 ).
Discussion
We grew six tree species in open and understory environments and identified several responses that have consequences for successful growth and survival in those environments. The three deciduous species showed similar light response curves and appeared to have similar photosynthetic responses to growth conditions, especially when the parameters were expressed on a leaf-area basis. However, leaf-area-based apparent quantum yield (φ) of P. tremuloides was lower in understory-grown seedlings than in open-grown seedlings, whereas growth conditions had no effect on φ of B. papyrifera and P. balsamifera (Figures 4 and 5) . Kubiske and Pregitzer (1997) found similar small effects of light environment on leaf-area-based photosynthetic response curves of B. papyrifera. Many authors report that shade-intolerant species show a larger decrease in Asat in response to shade than shade-tolerant species (Loach 1967 , Wallace and Dunn 1980 , Teskey and Shrestha 1985 , Evans 1989 , Ramos and Grace 1990 , Strauss-Debenedetti and Berlyn 1995 . Based on this physiological criterion, the deciduous species that we studied should be considered shade-intolerant.
However, Givnish (1988) and Chazdon et al. (1996) suggested that species differences in photosynthetic plasticity are more pronounced when photosynthetic variables are expressed on a leaf-mass basis, which reflects the carbon cost of leaf construction. When we expressed photosynthesis on a leaf-mass basis, the large treatment differences in Asat disappeared in B. papyrifera and P. balsamifera, whereas in P. tremuloides the difference became more pronounced (Figure 4) .
In contrast to P. tremuloides, understory-grown seedlings of B. papyrifera and P. balsamifera had higher leaf-mass-based apparent quantum yields (φ) than open-grown seedlings. A high apparent quantum yield is considered to promote C-fixation in an understory environment (Björkman et al 1972 , Boardman 1977 .
Compared with the deciduous species, the conifers showed less response to shade in photosynthetic variables (Figures 3  and 5) , although there were interspecific differences. In both treatments, Pinus contorta seedlings had higher K and Rd than P. glauca and A. balsamea seedlings. This suggests that the photosynthetic apparatus of P. contorta was unaffected by TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHOTOSYNTHESIS, CARBON ALLOCATION AND SHADE TOLERANCE 247 shade and is thus better adapted to high-light conditions. Although P. glauca and A. balsamea exhibited low photosynthetic plasticity, they appear to be adapted to low-light conditions, as indicated by low light compensation (Γ), saturation points (K) and Rd, and high apparent quantum yield (φ). Our results are in agreement with other studies showing that photosynthetic plasticity is not necessarily a good indicator of seedling survival in an understory environment (Loach 1967 , 1970 , Teskey and Shrestha 1985 , Chazdon et al. 1996 ). An important difference in response to the understory environment among the tree species studied was in their C-allocation patterns. Populus tremuloides, and to a lesser extent P. balsamifera, responded to the understory environment in a way that was contrary to expectation. Both had low LARs and LMRs and high root:shoot ratios. Carbon allocation to the root system at the expense of shoot and leaves is not considered to be adaptive in a light-limited environment (Coombe 1966 , Hughes 1966 , Loach 1970 , Smith 1981 , Givnish 1988 , Lambers et al. 1998 , Reich et al. 1998a . A high LAR is the result of increased specific leaf area (SLA), because LAR is the product of SLA and LMR (Grime 1966 , Lambers et al. 1998 . Only B. papyrifera seedlings had a higher LAR in the understory than in the open. This suggests that, although there were only small differences in photosynthetic capacity among the deciduous species when grown in the understory (Bazzaz and McConnaughay 1992, Kubiske and Pregitzer 1996) , C allocation to leaf area production was greater in B. papyrifera than in P. tremuloides and P. balsamifera.
Differences in photosynthetic capacity between the shadeintolerant P. contorta and the shade-tolerant P. glauca and P. balsamifera were also reflected in their C-allocation patterns. In P. glauca and A. balsamea, LAR was 50 to 70% higher in understory-grown seedlings than in open-grown seedlings. Investment of carbon in leaf area improves light interception Sims 1994, Reich et al. 1998a) ; this is especially true for species such as P. glauca and A. balsamea that have greater leaf longevity than P. contorta. Increased needle longevity has been related to shade tolerance in conifers , Niinemets 1997 and is thought to amortize the costs of leaf construction (Chabot and Hicks 1982). On the other hand, P. contorta showed no shade-induced change in LAR, because total plant mass of understory-grown seedlings decreased at the same rate as leaf area. The low photosynthetic rates of open-grown P. glauca and A. balsamea seedlings is consistent with the slow growth and lower competitive status of these species compared with fast-growing shade-intolerant species (e.g., Reich 1996, Walters et al. 1993a ). However, low photosynthetic rates do not mean that P. glauca and A. balsamea cannot grow in open conditions. Because of the exclusion of root competition in our experiment and the use of established seedlings reared under high resource conditions, caution is required in applying our results to natural conditions. However, by excluding some factors, such as root competition and fungal infection during the establishment stage, our experiment provides a clear-cut indication of the physiological and morphological responses of the selected species to particular features of the growth environment.
Multi-aged P. tremuloides and P. balsamifera stands are usually the result of suckering from within the stand (Bergeron and Dubuc 1989) . Our results indicate that successful seedling establishment and growth of these species in an understory is unlikely because seedlings of both species died after two growing seasons in the understory. However, photosynthetic response curves of the seedlings in the understory suggest that understory suckers could contribute carbon to the clone.
Pinus contorta appeared to have a photosynthetic apparatus strongly adapted to high-light conditions and did not adjust to understory light conditions by a reduction in light saturation point and respiration rate. Thus, P. contorta is unlikely to survive in typical understories except where disturbances, such as pine budworm (Choristoneura pinus Freeman) outbreaks (Volney 1998 ) create large well-lit gaps.
Betula papyrifera is frequently described as shade intolerant because it displays the characteristics of a pioneer species, including small seeds, efficient seed dispersal, early establishment after disturbances and rapid early growth (Burns and Honkala 1990 , Kubiske and Pregitzer 1996 , Walters et al. 1993a , 1993b , Reich et al. 1998a . Although it has been suggested that B. papyrifera is unable to establish and survive in an understory environment (Messier et al. 1999) , we found that once established, B. papyrifera is adapted to growth in understory conditions through decreases in light saturation point and respiration rate, and increases in SLA and LAR. Furthermore, if provided with a favorable seedbed, B. papyrifera is able to establish and grow in the understory of an intact P. tremuloides canopy for more than 3 years, (S.M. Landhäusser, unpublished data; J.C. Zasada, USDA Forest Service, unpublished results). Therefore, we conclude that Betula papyrifera is more capable of growing in a shaded environment than its tolerance classification suggests.
Picea glauca and A. balsamea showed strong adaptability to understory conditions, with increased leaf area in relation to total plant mass and a greater capacity for photosynthesis at low irradiances. Picea glauca and A. balsamea are known to establish well in understory conditions provided there is a favorable seedbed. Lieffers and Stadt (1994) found maximum leader growth in P. glauca was reached when canopy light transmission was 40% and growth and survival were observed where canopy light transmission was less than 10%. Abies balsamea is known to tolerate even lower irradiances.
